Objective: The aim of this work was to determine if scoring mechanisms embedded in cognitive mobile games (CMG) designed for cognitive training are sensitive enough to detect changes in cognitive function induced by various acute respiratory loads in healthy subjects. Material and methods: Thirty healthy subjects participated in this study (25 AE 4 years old, 13 women). A set of three brief CMG was used to assess cognitive function (Rush Back, Must Sort, True Color) in control situation and at four different inspiratory loads (through a mouthpiece without resistance and with 10, 50 and 70% of the maximal inspiratory pressure). Results: Statistically significant decreases in CMG scores were observed in Rush Back (p ¼ 0.032) and True Color (p ¼ 0.002) when the subjects breathed through the mouthpiece without resistance compared to the control condition. A statistical difference was observed for Must Sort (p ¼ 0.003) between baseline and 10% of Inspiratory Threshold Load (ITL). Significant differences for the three games were observed between the baseline and 50% of ITL and between baseline and 70% of ITL. Conclusion: CMG designed for cognitive training are sensitive in detecting transitional changes in cognitive function induced by low, medium and high acute respiratory loads in healthy subjects. This offers interesting new possibilities for the assessment and long-term follow-up of patients suffering from chronic respiratory disease, since this type of assessment could easily be completed independently by patients in their own homes, and could be combined with rehabilitation exercises as an evaluative measure.
Introduction
The use of video games for cognitive training has been popularized by the "How old is your Brain"™ games by Dr Kawashima [1] , among others. As a result of this, the use of entertaining video games to train cognition has gained the interest of young adults and older people in an attempt to slow down age-related cognitive decline [2] . One meta-analysis indicates that cognitive games training can have a positive, but limited, effect on several cognitive functions such as reaction time, attention and memory in the elderly [3] . A recently published Cochrane's review summarised the use of cognitive games in cognitively healthy people in late life (65 or older) and found little evidence from the included studies to suggest that 12 or more weeks of training improves cognition in healthy older adults [4] . Therefore, video games could be used to counter the natural age-related decline of cognitive function. One possible benefit of cognitive games is that they could be combined with cognitive assessments to provide regular screening and follow-up of cognitive function (since the results of the games correlate with scores in clinical scales [5] ), at a lower cost and without the need of a healthcare professional.
Furthermore, it is widely accepted that breathing can interfere with cognition on the short and long term [6] [7] [8] . When an inspiratory load is added, either artificially or due to respiratory disease, this induces the involvement of the pre-motor cortex, thus affecting the person's cognition during activities of daily living [9] . On the long term, it has been shown that people with chronic respiratory diseases presented an increased risk of developing dementia [10] .
The increase of inspiratory load on respiratory muscles is a common feature in some pulmonary pathologies (e.g. Chronic Obstructive Pulmonary Disease (COPD), asthma, etc.) [11] . This could have an impact on the multitask activities of daily living for these patients [12] . It is thus important to evaluate the impact of this inspiratory load on the cognition of these patients on a regular basis.
Therefore, the aim of this study was to determine whether or not specific Cognitive Mobile Games (CMG) demonstrate adequate sensitivity in detecting changes in cognitive function induced by various acute respiratory loads in healthy subjects.
Materials and methods
Thirty healthy young adults (25 AE 4 years old, 13 women) participated in this study. This study was approved by the Ethical Committee of Erasme Hospital (P2016/406/B406201629663) and written informed consent was obtained from all subjects prior to their participation.
Maximal inspiratory pressure (PImax) was measured following ATS/ ERS recommendations close to the residual volume [13] . Mouth pressure was measured through an occluded mouthpiece (Hand-held spirometer; USB Pocket-Spiro® MPM100 MEC Medical Electronic Construction R&D). The highest value of three consecutive 1-s attempts was recorded as the Pimax.
Five different breathing conditions were tested: quiet breathing (baseline condition used as control), breathing through the mouthpiece with no resistance, and breathing through an Inspiratory Threshold Load (ITL; MAS Philips Respironics Threshold IMT Lung Muscle Trainer Adjustable Constant Pressure and POWERbreathe Plus Medium Resistance Breathing Muscle Trainer) at 10% (low resistance), 50% (mid resistance) and 70% (high resistance) of each subject's PImax. For all conditions, subjects were equipped with a nose clip to restrict nasal compensation. This protocol has been previously validated in assessing the influence of increased respiratory loads on balance [14] .
Three short (<1 min) CMG were used in this study, selected based on previous evidence of their similarities to neuropsychological assessment tools in identifying cognitive impairment [5] . The CMG were explained to the participants and they were invited to play one time before the start of the study to get familiar with the CMG. Each CMG was played one time for every condition. Screenshots and descriptions of the games are presented in Table 1 . The outcome was the score obtained in the three CMG in each of the five different conditions. Each CMG has its own scoring system described in Table 1 .
Both the order of the conditions and of the CMG were randomized to avoid fatigue or habituation bias. Subjects were unaware of the different loads, and were asked to breathe for 30s with the different loads before testing to allow acclimatization to these constraints.
The normality of each set of scores was assessed using graphical methods (boxplots, histograms and QQ-plots) and homogeneity of variances using Levene's test. One-way multivariate ANOVA (MANOVA) tests was applied to compare the five conditions. Omega-squared tests were computed to estimate the effect size. Finally, Bonferroni tests were used to correct for multiple comparisons in our post-hoc analysis. Statistical analyses were performed at an overall significance level of 0.05, and were computed in RStudio (version 1. 
Results
Results of the CMG scores under the different loads are presented in Table 2 and in Fig. 1 . The differences between the different conditions are presented in Table 3 . There was a highly significant effect of the breathing conditions on cognitive performance as indicated by our MANOVA (F(4,125) ¼ 3.51, p < 0.001).
Statistically significant decreases in CMG scores were observed in Rush Back (p ¼ 0.032) and True Color (p ¼ 0.002) when the subjects breathed through the mouthpiece without resistance compared to the control condition but not for the Must Sort (p ¼ 0.09).
A statistically significant difference in game scores was found between the baseline and 10% of ITL for Must Sort (p ¼ 0.003) but not for Rush Back (p ¼ 0.098) or True Color (p ¼ 0.063).
There were highly significant differences in game scores between the baseline and 50% and 70% of ITL for the three CMG.
No difference was found between the mouthpiece condition and 10% of ITL, however, statistically significant differences were found between the mouthpiece and 50% of ITL for Must Sort (p ¼ 0.002) and Rush Back (p < 0.001) but not for True Color (p ¼ 0.580).
For the difference between the mouthpiece condition and 70% of ITL, only Must Sort presented a statistically significant difference (p ¼ 0.001).
There was a highly significant difference between 10 and 50% of ITL for Rush Back (p < 0.001) but not for the other games.
No statistically significant differences were found between 50% and 70% of ITL for any of the games.
Discussion
The aim of this study was to determine if three CMG designed for brain training are sensitive enough to detect changes in cognition induced by different acute respiratory loads. Statistically significant differences in CMG scores were observed for the different inspiratory loads. Interestingly, no change in cognition was identified between the mouthpiece condition and 10% ITL. In addition, no difference was found between 50% ITL and 70% ITL. These results may indicate that the threshold of prefrontal cortex activation has not been reached at 10% ITL [7] and that a plateau has been reached at 50% ITL, but further studies using electroencephalography are necessary to confirm this.
It has previously been demonstrated that breathing under respiratory load interferes with cognition [6] . In fact, inspiratory load-induced dyspnea can interfere with performance in different cognitive tasks such as fearful face recognition [15] , response inhibition [16] and with decreasing illusory effects [8] . A growing body of evidence appears to indicate competition for cortical resources between the loaded breathing and cognitive tasks. Research demonstrates that breathing under inspiratory load activates the cortex: when a respiratory load is imposed, there is a shift from the automatic neural processes to the cortical network [9] . This could explain the cognitive cost of loaded breathing, and this kind of task may therefore be considered a dual task paradigm. To the author's knowledge, this study is the first to describe a progressive alteration of cognitive function with increasing inspiratory load.
The present results are interesting from a clinical perspective as the increase of inspiratory load is one of the key characteristics of COPD patients [11] , and we have succeeded in demonstrating that CMG are able to detect the cognitive impact of this load.
However, the inspiratory loads used in this study may be too high to recreate the same/exact? symptoms encountered by COPD patients. The choice of loads was based on the evidence that there is strong linear relationship between the increase of mouth inspiratory pressure and the increase of respiratory muscle activation in healthy subjects [17] . Furthermore, COPD patients show greater respiratory muscle activity than do healthy subjects for the same load [18] . Therefore the different loads used in this study (10%, 50%, and 70% of the PImax) were selected to test the sensitivity of CMG using a wide spectrum of muscle activation. However, the fact that no cognitive differences were found between the mouthpiece and 10% ITL, and 50 and 70% ITL conditions, may indicate that the CMG are not sensitive enough to detect smaller changes.
To summarize, Must Sort can detect the effect of a 10%, 50% and 70% increase in inspiratory load compared to normal breathing, while Rush back and True Color were able to detect the effect of 50% and 70% loads. Must Sort thus appears to be the most sensitive game in detecting acute modification of the cognition. However, only Rush Back can distinguish between the effect of a 10% and 50% load. Therefore, to cover all of the effects of an unknown inspiratory load on cognition, all three CMG should be used. Since the CMG are short (a combined total of less than 5 min) the three games should be used in combination to ensure the highest assessment sensitivity [5] .
Conclusion
We have shown that the CMG used in this study are sensitive enough to detect changes in cognitive function induced by various acute respiratory loads in healthy subjects. Further studies are needed to test this system more thoroughly in patients with respiratory disease.
